ABSTRACT
INTRODUCTION

37
Probiotics are defined as 'live microorganisms which when administered in adequate amounts, 38 confer a health benefit on the host' (FAO/WHO 2002). At present, lactobacilli and bifidobacteria are 39 the most common bacteria used as probiotics and their properties are strain-dependent and strain-40 specific. In order to exert their beneficial effects probiotic bacteria must retain the characteristics 41 and properties originally used for their selection (Tuomola et al. 2001) . 42
During different manufacturing and storage stages, in order to survive probiotic bacteria have to 43 respond rapidly to stress. Heat is among the hardest stress conditions that may be present during 44 manufacturing of different food products, such as bread and chocolate, in which probiotics could be 45 applicable. The poor heat-tolerance of probiotics has precluded their inclusion in such products and 46 limited their application to, fermented milks and similar products where heat-stress is not present 47 during manufacturing processes. Challenge with high temperatures leads to denaturation of proteins 48 and their subsequent aggregation. Heat also destabilizes macromolecules such as ribosomes and 49 RNA and alterations of membrane fluidity have been reported as well (van de Guchte et al. 2002) . 50
The mechanisms underlying heat shock adaptation have been described earlier in different bacterial 51 species, most notably in Escherichia coli and Bacillus subtilis (Barreiro et al. 2005 In this study we used two-dimensional differential in gel electrophoresis (2D-DIGE) coupled with 55 mass spectrometry, together with reverse transcriptase quantitative PCR (RT-qPCR), to assess the 56 heat-response in the two most commonly used probiotic strains, Bifidobacterium animalis subsp. 57 lactis BB-12 and Lactobacillus rhamnosus GG (ATCC 53013), and to compare with that of their 58 previously obtained heat-tolerant derivatives (BB-12 HS and LGG HS) (du Toit et al. 2013). Our 59 aim was to determine the molecular basis of the heat-stress response in these strains and to 60 characterize the changes that make the derivative strains more robust in terms of heat stress. 61
MATERIALS AND METHODS
62
Bacterial strains and growth 63
Bacterial strains used in this study were B. animalis subsp. lactis BB-12 and its heat tolerant 64 derivative (BB-12 HS) and L. rhamnosus GG (ATCC 53013) and its heat-tolerant derivative ( LGG 65 with an atmosphere of 10% CO 2 -10% H 2 -80% N 2 at 37ºC. 0.5 ml of these pre-cultures was 69 inoculated to 50 ml of MRSC medium and grown over-night at 37 °C in the same conditions. After 70 16 hours biomass was harvested. The cultures were centrifuged at 15 000 × g and re-suspended in 71 50 ml of fresh medium. The heat treatment was performed by incubating the B. animalis subsp. 72 lactis BB-12 and BB-12 HS cultures at 50 °C and those of L. rhamnosus GG at 60 °C for 2 hours 73 (Figure 1 ). Samples were taken at 0 hours and after the heat-treatment, the cultures were centrifuged 74 at 15 000 × g and washed twice with PBS and then the bacterial pellets were frozen at -20 °C until 75 protein extraction. For RT-qPCR, after the heat treatment and washing of the cultures, 100 µl of the 76 bacterial suspension were diluted in 400 µl of PBS buffer and 1000 µl of RNA Protect Bacteria 77 Reagent (Qiagen) were added to stabilise the RNA according to the manufacturer's instructions. The 78 stabilised pellets were stored at -80ºC until RNA extraction. 79
Protein extraction 80
The cells were broken by ultrasonic treatment (Sonics & materials, Vibra-cell, model VC600, 20 81 kHz) by sonicating the cells three times for one minute and keeping them on ice for one minute in 82 between the sonications. Next, unbroken cells and cell debris were removed by centrifugation at (15 83 000 × g at 4 °C, 5 minutes). The proteins were precipitated by methanol-chloroform (3:1, vol/vol) 84 according to the method described by Wessel and Flugge (1984) and the protein concentration of the 85 extract was determined using Pierce® BCA Protein Assay Kit (Thermo Scientific) according to the 86 manufacturer's instructions. The protein extracts were frozen at -20 °C until further use. 87
2D Electrophoresis 88
The 2D electrophoresis was done with two different dyeing techniques. First the electrophoresis was 89 visualized using Gelcode™ Blue Safe Protein Stain (Thermo scientific) to obtain reference maps of 90 the proteins in the different extracts. Additionally, these gels were used for spot picking and mass 91 spectrometry analysis. The same protein extracts were also analysed with Amersham CyDye DIGE 92
Fluors (minimal dyes) for Ettan DIGE (GE Healthcare). For the 2D electrophoresis, 500 µg of 93 protein was used for the reference map gels and 50 µg for the gels on which the samples were 94 labelled with fluorescent dyes. 95
For the reference map gels, the protein samples were solubilized in 450 
Verification and quantitation of gene-expression by reverse transcriptase quantitative PCR 141
Primers for different genes identified as differentially expressed in the proteomic analysis, were 142 designed using Primer Express 2.0 Software (Applied biosystems). The primers used are listed in 143 Table 1 . As a response to heat stress, the regulation of seven spots was modified in the B. animalis subsp. 172 lactis strains and another seven spots in the L. rhamnosus strains (Table 2 ). These spots were 173 excised from the gels and subjected to peptide mass fingerprint analysis in order to be identified. For 174 spot BL3 no protein could be identified whilst for spot BL5, two different proteins were detected 175 and thus no conclusions can be made from the data concerning these spots. Proteins affected by heat 176 were chaperones and proteins involved in carbohydrate metabolism and translation. 177
Response of B. animalis subsp. lactis strains to heat 178
With regard to the response to heat ( Table 2 ) we found that after 2 hours of heat-treatment, on B. 179 animalis subsp. lactis BB-12 WT, proteins identified as GroEL, GroES, thioredoxin peroxidase and 180 transketolase were upregulated and elongation factor Tu downregulated in the proteomic analysis. 181
In the heat-tolerant derivative strain of B. animalis subsp. lactis BB-12, the heat shock response was 182 otherwise similar but transketolase was downregulated. When the gene expression levels obtained 183 after the heat-treatment for each strain were compared with those obtained at time zero (Table 2) a 184 lower production of transketolase was observed in the heat tolerant strain which is in accordance 185 with the 2D-DIGE results. Additionally, a slightly higher induction of elongation factor Tu due to 186 heat treatment was seen in the original than in the heat tolerant derivative strain, in which the 187 expression of the gene coding this protein remained stable compared to the starting point. 188
A direct comparison of the wild type and the heat-tolerant strains (table 3) revealed that the levels of 189 proteins identified as GroEL, GroES and thioredoxin peroxidase were higher before and after the 190 heat shock in the heat-tolerant derivative strain according to both 2D-DIGE and RT-qPCR. 191
Response of L. rhamnosus strains to heat 192
According to the proteomic analysis, in L. rhamnosus GG WT five proteins were upregulated 193 (GroEL, DnaK, L-lactate dehydrogenase, and cell division trigger factor, peptidyl-prolyl cis-trans 194 isomerase) and two downregulated (Glucosamine-fructose-6-P-aminotransferase and phosphocarrier 195 protein Hpr) after two hours of heat-treatment when compared to baseline (Table 2) . However, the 196 RT-qPCR results suggest that the induction rate of the genes coding the proteins identified as GroEL 197
and DnaK was lower at the two hour time point. 198
The heat shock response in the heat-tolerant derivative of L. rhamnosus GG differed slightly from 199 the original strain. The main differences between the derivative and the original strain were that the 200 regulation of the cell division trigger factor remained stable throughout the experiment and 201 elongation factor G was downregulated following the heat treatment (table 2) . However, the RT-202 qPCR results indicated that genes coding the chaperones GroEL and DnaK were highly expressed 203 after two hours. In addition, glucosamine-fructose-6-phosphate aminotransferase, and to a lesser 204 extent L-lactate dehydrogenase, were also induced by the heat-treatment on the derivative strain 205 according to the RT-qPCR analysis. 206
When the protein expression profiles of the L. rhamnosus strains before the heat-treatment were 207 compared (Table 3) , higher levels of GroEL, DnaK, glucosamine--fructose-6-phosphate 208 aminotransferase and L-latate dehydroganese and lower levels of protein Hpr, trigger factor and 209 elongation factor G were detected in the heat-tolerant derivative strain. However, these results were 210 not confirmed by the RT-qPCR results which indicated a slight underexpression of the genes coding 211
GroEL, DnaK, glucosamine--fructose-6-phosphate aminotransferase and L-lactate dehydrogenase 212 while phosphocarrier protein Hpr, cell division trigger factor and elongation factor G were 213 overexpressed in the derivative strain with regard to the original strain (Table 3) . After the heat-214 treatment, proteomic results revealed that L. rhamnosus GG HS still had higher levels of GroEL, 215 glucosamine--fructose-6-phosphate aminotransferase, L-lactate dehydrogenase and lower levels of 216 trigger factor and elongation factor G than the wild type strain whilst both strains had comparable 217 levels of DnaK and the protein Hpr was induced at a higher level in the derivative strain (Table 3) . 218
However, these results were not confirmed by the RT-qPCR which indicated a higher activity of all 219 the genes that were measured at two hours. 220 that the phosphotransferase system might play a role in cold shock response of L. casei, although the 296 mechanism implied remains to be elucidated (Monedero et al. 2007 ). In addition to HPr, another 297 protein involved in carbohydrate metabolism, L-lactate dehydrogenase was upregulated after 2 hours 298 of heat-treatment in the L. rhamnosus strains according to the proteomic results. However, the gene 299 expression was induced at a higher extent in the heat-tolerant derivative. The lactate dehydrogenase 300 has been reported to be induced by bile exposure in B. longum (Sanchez et al. 2005 ), various 301 stresses in Enterococcus faecalis (Giard et al. 2001) , by heat in Lactobacillus gasseri (Suokko et al. 302 2008) and help Neisseria gonorrhoeae to survive under oxidative stress (Fu et al. 1989 ). The 303 cytoplasmic L-lactate dehydrogenase is NAD-dependent and it catalyzes the conversion of pyruvate 304 to lactate, which is a major end product of carbohydrate fermentation in lactic acid bacteria and 305 bifidobacteria (Sanchez et al. 2005 , Fu et al. 1989 . 306
According to proteomic studies the regulation of two translational proteins was modified in the L. 307 rhamnosus strains following the heat-treatment. A protein identified as elongation factor G (EF-G) 308 was slightly upregulated in the original L. rhamnosus GG and downregulated in the heat-tolerant 309 derivative following the heat-treatment EF-G has been reported to be induced by acid stress in 310
Streptococcus mutans (Wu et al. 2011 ). The second translational protein was identified as a cell 311 division trigger factor. This protein was upregulated in the original strain and slightly downregulated 312 in the derivative strain after two hours of heat-treatment in the proteomic studies, although the 313 expression of the gene encoding the protein barely changed according to the RT-qPCR results. This 314 protein has been reported to work together with enzymes involved in protein folding (Gothel and 315 Marahiel 1999, Schonbrunner and Schmid 1992) . 316
Conclusions 317
In our study, some discrepancies were observed between the between protein and gene expression 318 analyses. These may be related to the different sensitivities of the techniques. Moreover, RT-qPCR 319 quantifies the mRNA while proteomic techniques quantify the protein in the cell and due to post-320 translational regulation and modifications, the two techniques may occasionally give contradicting 321 results (Hegde et al. 2003) . Similar discrepancies have been reported by other authors as well when 322 stress response in lactic acid bacteria has been examined using proteomics and RT-qPCR (Wu et al. 323 2011). Also, it must be kept in mind that we only analysed the cytoplasmic proteins which may 324 affect the outcome since some of the proteins analysed have been reported to appear in the cell wall 325 as well. 326
Our results characterise potential molecular mechanisms involved in both the response to heat-327 treatments and the acquisition of heat-tolerance in the two most commonly used probiotic strains. At 328 the same time they raise the question how to further increase the tolerance to heat stress in the study 329 strains for allowing their inclusion in new probiotic-food categories. This could be achieved by 330 emphasizing the factors that increase the production of the identified chaperones. For instance, 331 identifying growth conditions in which a larger amount of the identified chaperones are produced, so 332 that the strain produced under those growth conditions harbours more chaperones to be better 333 prepared to cope with heat stress. Similarly, some small heat shock proteins have been proposed as 334 possible biomarkers for screening and selecting robust L. acidophilus strains (Capozzi et al. 2011) . 335
Furthermore, a comparison to bacteria already able and adapted to survive at high temperature 336 conditions may improve the understanding on how to achieve a better heat tolerance to further 337 develop processes and products allowing the inclusion of specific probiotic strains. Nevertheless, the 338 verification of the presence of the original probiotic properties in the developed heat-tolerant 339 derivative strains should be confirmed to enable their use in functional foods and in products aimed 340 at health benefits for humans. Moreover, the impact of the processing conditions, production 341 processes and carrier vehicle, either food, food component or pharmaceutical component, on the 342 probiotic properties should also be routinely evaluated (Grzeskowiak et al. 2011) . 343
Taken together, we conclude that the comparison of wild-type strains and the heat-tolerant 344 derivatives suggest that the acquisition of heat-tolerance may be associated with at least two 345 different mechanisms, a slightly increased constitutive level of chaperones in B. lactis and an 346 increased ability to induce their production in L. rhamnosus. Similar changes have been observed 347 before during various stresses, so the acquisition of heat-tolerance might affect the tolerance to other 348 stress factors as well. Though, this may happen for better or for worse as described in 349
Bifidobacterium longum for example (Mozzetti et al. 2013 ). All in all, it should be kept in mind that 350 the acquisition of heat or any other tolerance might also lead to some unexpected and maybe 351 unwanted genetic or other type of changes that may affect the probiotic potential of the strain. LGG § WT and LGG HS Tables  499   Table 1 
